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A method for determining the stress relaxation master curve of solid rocket propellants was developed. The propellant was tested in uniaxial tension, using a conventional approach, and also in a dynamic mechanical analyzer, using a dual cantilever beam mode. While the results were similar, the dynamic mechanical analyzer required less material, resulted in reduced variability, and was not sensitive to the applied strain. The quantity of material required was on the order of grams, so that results were obtained with small amounts of propellant, as compared to the conventional uniaxial tension test that requires material quantities on the order of kilograms. Some important considerations also discussed include the verification of strain independence before testing and the loosening of clamps between temperatures during testing. = reference temperature for vertical temperature shifts,°C or K tan δ = damping factor (ratio of storage and loss moduli) t = time, min t = reduced time, equal to time divided by shift factor a T , min τ i = ith time constant in Prony series I. Introduction S TRUCTURAL analysis of solid rocket motors is challenging for several reasons, but the most important of these is the complex behavior of the propellant. The mechanical response of a solid propellant is time and temperature dependent [1] . The complexity of the mathematical analysis of the propellant depends on the loading conditions, but for some loading situations, the linear viscoelasticity assumption is reasonable. In particular, linear viscoelasticity is perhaps the most appropriate material behavior description for use in the simulations of stresses related to storage conditions. Typically, simulations use a viscoelastic model in the form of a Prony series and a Williams-Landel-Ferry (WLF) equation [2] . The parameters in these models are derived from stress relaxation experiments, making the stress relaxation experiment a key viscoelastic test, analogous to the tensile test for linear elastic materials.
A typical set of stress relaxation tests is performed at several discrete temperatures that cover a range of temperatures anticipated by the fielded motor. At each of the selected temperatures, the specimen is deformed with approximately a single step in strain, which is then held constant for the duration of the test. While held at this constant strain, the stress decays over time due to relaxation of the rubbery elastomer. During this portion of the test, the stresses are measured, and the ratio of stress to applied strain is determined. This ratio is termed the stress relaxation modulus E R . Using time-temperature superposition, the set of curves at the various temperatures can be shifted horizontally relative to each other to form a master curve.
§ The translation of the curves takes a specific mathematical form, viz., the WLF equation. From this master curve, the Prony series at any given temperature can be calculated, and the calculation can be incorporated into finite element analyses along with the WLF equation, making linear viscoelastic analysis of rocket motors possible.
The Prony series is a common method of approximating the behavior of a viscoelastic material. Various algebraic representations are available, but one of the simplest forms is given by
Here, t refers to reduced time, meaning the test time divided by the horizontal shift factor a T (see the following). The variable E R is the relaxation modulus, E ∞ is the long-term relaxation modulus, and the n exponential terms each have a coefficient α i and an exponential constant τ i . The relaxation modulus is therefore represented as a sum of a series of exponential terms, each with its own time constant, so that the entire spectrum of relaxation times and temperatures is well represented. To determine the unknown parameters E ∞ , α i , and τ i (i 1; 2; : : : ; n), the horizontal shift function is first determined using the WLF equation. This is necessary to obtain the reduced time t; then, numerical methods are employed to derive the Prony series parameters. Typically, E ∞ is estimated from the data, and then the time constants τ i are chosen arbitrarily, but each a decade apart in time. Next, a least-squares fit of the master curve data to Eq. (1) determines the unknown values for the coefficients α i . These parameters are then incorporated into a finite element program for subsequent analysis of solid rocket motor grains.
The horizontal shift factor a T is determined by the WilliamsLandel-Ferry equation:
Here, the horizontal shift factor a T is determined from the shifting of the individual stress relaxation curves relative to a reference curve (in this case, the curve for 20°C), T is the test temperature, T ref is the temperature of the reference curve, and C 1 and C 2 are parameters determined from a least-squares fit of the horizontal shift data.
Stress relaxation tests of propellant are currently performed on standard tensile testing machines, and the specimens are subjected to uniaxial stress conditions. Because the propellant is very compliant, the applied strain has to be large; otherwise, the loads would be too small to measure accurately, unless an atypical load cell were used (i.e., an atypical load cell that is not very compatible with commercial tensile testing hardware). Typically, the applied strains will be in the 1-10% range. At these strains, damage is likely occurring due to dewetting of the particulate matter. Therefore, specimens are only used at a single temperature. Because of these considerations, generating a typical master curve requires 18-30 specimens (assuming three to five specimens per temperature and six temperatures).
It would be beneficial if one were to find methods that generate the stress relaxation data with less labor, time, and material while maintaining sufficient accuracy. Using the traditional approach of uniaxial tension tests, the acquisition of the data can take up to a week and will require a large block of material (approximately 2.5 kg of propellant for a typical composite propellant). The dynamic mechanical analysis (DMA) apparatus, however, has been previously used with polymers to determine dynamic mechanical parameters such as the storage modulus, loss modulus, and loss factor (also called the damping factor). Although obtaining these descriptors for propellant can tell a great deal about the material science aspects of the propellant, they are not typically used in finite element modeling. In this work, a DMA setup was used to carry out a series of analogous stress relaxation tests to show that DMA can be used to develop master curves in a more efficient manner. The tests require only a few grams of material, and the master curves exhibit less uncertainty at higher temperatures. Thus, any service life predictions using this alternative approach will also have reductions in uncertainty.
II. Dynamic Mechanical Analysis of Propellant
Currently, most of the research on the use of DMAwith propellants gives information on the glass transition temperature T g , the storage modulus E 0 , the loss modulus E 0 0 , and the loss factor tan δ. The earliest work on propellant with DMA is from 1971. Lepie and Adicoff [3] used a method they called "mechanical spectroscopy" that employed a custom-built system with an oscilloscope and a tensile testing machine. In addition to determining the storage modulus, loss modulus, and loss factor, an attempt was made to use the data to predict the extent of dewetting in damaged propellant. Later, Villeneuve and Lessard [4] used commercially available DMA equipment to compare results with tensile test data so that changes in mechanical properties caused by aging could be detected. Qualitative agreement was found between changes in the stress-strain curves and the DMA-determined rheological parameters (E 0 , E 0 0 , and tan δ).
In addition, they were able to differentiate between bulk material effects and diffusion-related surface effects. More recently, much work has been performed by Cerri et al. [5] [6] [7] to determine aging trends in propellants as well as to detect the effects of mechanically induced damage. The DMA data were used in conjunction with various analytical chemistry methods (for example, sol-gel analysis and gas permeation chromatography) to assess the aging trends in different propellants and to investigate the dominant chemical mechanisms controlling the degradation of mechanical properties. Other authors have followed similar approaches, using DMA along with analytical chemistry to determine which microstructural changes were causing propellant aging [8] [9] [10] [11] [12] [13] [14] .
Over time, a technology that was originally developed by polymer chemists has expanded into the solid propellant world, yet the procedures and methods are still material-science focused, as opposed to mechanics-of-materials focused. There are now proposed rocket motor industry standards for determining E 0 , E 0 0 , tan δ, and T g of propellant. Although these parameters aid researchers in developing an understanding of different propellant formulations, little work has been done that would directly benefit structural analysis. One way to use the DMA apparatus to meet this goal is to acquire frequency-based data and then to convert it to stress relaxation data using mathematical transformations. For example, Amos [15] converted DMA data from the frequency to the time realm to assess the validity of various failure parameters for propellant. A more direct approach, however, is to perform stress relaxation tests using the DMA apparatus so that mathematical transformations from the frequency to the time domain are unnecessary. The resulting data have less variability than the conventional stress relaxation approach and require less time to generate. Using the DMA apparatus requires less material, making it a better candidate for use in propellant development research, in which only small amounts of expensive ingredients are available. Perhaps the largest advantage of this approach is found with aging studies, in which the ability to use less propellant makes safety issues during artificial aging much less of a concern. Finally, the fine resolution of the DMA instrumentation makes it possible to test at very low strain levels, making linear viscoelastic assumptions reasonable. This last distinction is also important and is covered in more detail in Sec. VI.
III. Experimental Methodology

A. Propellant and Specimen Fabrication
To develop and assess the feasibility of using DMA to generate relaxation master curves for propellant, a typical composite propellant was tested using the current state-of-the-art method, and then analogous tests were performed with the DMA apparatus. The propellant selected was a hydroxyl-terminated-polybutadiene-based propellant with ammonium perchlorate as the oxidizer, aluminum as a fuel, and iron oxide as a burn rate modifier. The mass fraction of particulate matter was 85-90%. The propellant was cast into a block that was then machined into multiple 12.7 mm thick slabs using a remotely operated milling machine with a fly cutter and a band saw. These milled slabs were then hand cut into both conventional uniaxial tension stress relaxation specimens and DMA specimens. For the stress relaxation specimens, the nominal dimensions were 101.6 × 12.7 × 12.7 mm (approximate mass 30 g); for the DMA specimens, the dimensions were 60 × 12.5 × 3.5 mm (approximate mass 5 g). After being cut, the various specimens were stored together in an airconditioned facility for the duration of the experiments (the facility had temperatures of 15-20°C and 20-50% relative humidity).
B. Conventional Stress Relaxation Testing
To compare the proposed method with a baseline method, the traditional uniaxial tension method of determining stress relaxation master curves was used. This involved gluing the specimens into aluminum end tabs using two adhesives. First, a thin coat of epoxy was applied to the end tabs and allowed to dry; then, a urethane adhesive was used to attach the specimens. The epoxy adhesive was necessary because of the tendency for the urethane (when used alone) to separate from the aluminum end tabs while testing at the colder temperatures. Figure 1 shows some of the stress relaxation specimens used in the conventional test procedure. The specimens had dimensions of 101.6 × 12.7 × 12.7 mm.
Typically, averaging results from at least three specimens per temperature is mandated, while averaging with five specimens is recommended. This is to reduce uncertainty associated with material variability. It is suspected, however, that a significant portion of the variability at each temperature can be explained by variability in the end conditions. It is difficult to perfectly align the specimens with the centers of the end tabs during the gluing process, which may result in misalignments that cause small bending loads that affect the resulting stresses.
This testing method also introduces problematic strain measurements. Usually, the propellant testing facility uses the crosshead displacements divided by an assumed effective gauge length to determine the applied strain. To minimize errors associated with this approach, specimens are glued directly to the grips with adhesive to minimize viscous flow of the propellant material near the ends of the specimen as it is pulled. ¶ However, even when the specimens are glued directly to the end tabs, the use of crossheadbased strain measurements still results in large errors (this is shown in Sec. V). The more accurate alternative employed here was to measure the strain directly using a video extensometer. This device tracked two slightly separated user-selected regions of a speckle pattern to determine the instantaneous distance between them and therefore could be used to measure the axial strains. The surfaces of the specimens were sufficiently rough to serve as a speckle pattern.
As stated in the Introduction, strains of 1-10% need to be applied to generate sufficiently large stresses so that variation during the stress relaxation tests is discernible, in particular at high temperatures when the material is softer. On the other hand, small strains are desirable so that nonlinear effects (e.g., due to dewetting) are minimized. As a compromise, a nominal strain of 1% was applied. This was measured using the video extensometer with a gauge length of approximately 12.7 mm.
The crosshead speed was 127 mm∕ min, which was applied until a nominal applied strain of 1% was reached. This nominal strain of about 1% was applied over an average time of approximately 1.4 s, which resulted in an overall average strain rate of 0.77%∕s. This speed also closely approximated the idealized stepwise strain increment assumed in stress relaxation tests (the total test duration was 30 min). Because dynamic effects can affect accuracy shortly after the rise time, part of the data obtained after the stepwise increase are usually discarded; recommendations range from twice the rise time to up to ten times the rise time. A conservative approach, in which data before ten times the rise time were discarded (the rise time was taken to be the time to first reach the desired strain), was used. Figure 2 shows the experimental setup with the video extensometer, the conditioning chamber, and the tensile testing machine. The video extensometer used a telecentric lens with a working distance of 309 mm and a charge-coupled device camera (8-bit monochromatic pixels in a 1024 × 768 array). The conditioning chamber was cooled with liquid nitrogen and had a defogging dual-pane window. The temperature for each test was determined using a thermocouple inserted into a small block of inert propellant situated at the bottom of the test chamber. The specimens were conditioned for 45 min before each test; this was determined to be sufficient for thermal equilibrium based on an examination of the temperature vs time data for the thermocouple embedded in the inert propellant.
The tensile tester is a displacement-controlled Tinius Olsen model H50KT universal tester with an S-beam load cell with a 100 N capacity. ** In accordance with industry practices, three specimens were tested at each temperature, and the results were averaged. The temperatures tested were −30, −15, 0, 20, and 60°C. Because of time limitations, testing at 40°C was not completed. In addition, the load cell could not accommodate the higher loads at the colder temperatures, so the coldest temperature was −30°C. In future works, a larger load cell (500 N) will be employed so that testing at colder temperatures (−60°C) can take place. During each experiment, data acquisition rates were varied with time in an approximately logarithmic fashion so that more information could be captured at the start of each test. The test duration at each temperature was 30 min.
C. Dynamic Mechanical Analysis Tests
The DMA specimens were fabricated at the same time as the conventional stress relaxation specimens, and the fabrication process was described at the start of this section; the nominal sample dimensions were 60.0 × 12.5 × 3.5 mm. The instrument, shown in Fig. 3 , is a TA Instruments Q800 dynamic mechanical analyzer with a dual cantilever beam (DCB) mounting bracket. To best compare the results of the DMA testing with the traditional setup just described, whenever possible, the test conditions should be similar. However, some conditions were necessarily different. For example, strain rise times were similar to those for the conventional stress relaxation test method but could not be made identical due to equipment and software limitations. Article in Advance / MILLER, WOJNAR, AND LOUKE One chief advantage of the DMA apparatus is that both the load and displacement resolution are much higher, † † which allows for smaller strain amplitudes to be applied. Because of this, the nonlinear viscoelastic regime can be avoided by using small applied strains, although some preliminary testing is needed to ensure this condition is met before master curve testing. Once the experimenter has ensured that linear viscoelastic conditions exist (and therefore that the specimen will not be significantly damaged during testing), a single specimen can be used for an entire set of test temperatures. To account for material variability, testing must include multiple tests at each temperature.
DMA setups have multiple testing modes available depending on their design. The instrument described here has multiple modes available, such as compression, tension, a dual cantilever beam, and three-point bending. Alternative modes such as tension were considered, and this may be investigated in future work. However, the dual cantilever beam setup was chosen because of a wide user base and the related level of user experience with propellants. It was suspected that to use the pure tension mode the specimen dimensions would need to be very small, especially the thickness, which would then be close to particle sizes and thus prevent a separation of scales and accurate interpretation of the measured effective properties. The load cell would not have sufficient capacity if reasonably large specimen dimensions were used. For a similar specimen size and strain level, the dual cantilever beam configuration requires smaller applied loads. Use of the DCB approach complicates the determination of stress and strain, since the beam is neither in uniaxial tension nor in pure bending; however, the instrumentation software uses the specimen dimensions to determine the material's modulus from the apparent specimen stiffness. Moreover, the applied strain reported here for the DMA approach corresponds to the maximum positive strain in the specimen. Figure 4 shows a typical specimen mounted onto a DCB mounting bracket, which results in clamped end conditions. The displacement is applied to the middle of the specimen.
Conditioning of the specimen took less time due to the small size of the sample, but 30 min was given for acclimation at each temperature. Test temperatures were −30, −15, 0, 20, 40, and 60°C. To ensure that dewetting was not present, specimens were tested at multiple strain amplitudes (this is discussed further in Sec. IV), which determined an appropriately applied strain amplitude of 0.25%. The data acquisition rates were very similar, and the threshold for discarding data (i.e., before ten times the rise time) was identical to that used for the conventional test methodology. Three specimens were tested at all the test temperatures, and then the results were averaged to minimize effects due to material variability. Table 1 gives a summary of the test parameters used with each approach.
IV. Discussion and Results
A. Thermal Strain Effects
Initially, the DMA specimens were being tested by clamping them down with a torque of 0.90 N · m at the coldest temperature. The propellant expands more than the clamp posts as the temperatures increase, which would tend to increase the clamping pressure. In previous work, when the clamps were instead tightened at ambient temperature, they were then somewhat loose at the lower temperatures. Unfortunately, however, clamping at the low temperature led to small thermal stresses that, at the higher temperatures, affected the results. At low applied strain levels, a negative modulus was measured at 60°C; this is evident from the data shown in Fig. 5 . At this temperature, the thermal stresses became sufficiently high, which tended to force the specimen to bow downward (in the direction of the applied strain). However, since the displacement was controlled, this effect required a negative force to be applied to maintain the fixed displacement, which resulted in a negative calculated relaxation modulus. To remove thermal stresses, a new procedure was established, in which, at each temperature, the specimen was allowed to relax loosely in the clamps for 10 min until thermal equilibrium was attained. The clamps were then tightened, and the specimen was held isothermally for 30 min before applying the strain. This procedure removed the thermal stress effects and produced positive-valued master curves. All subsequent curves shown in this work used this reclamping procedure.
B. Strain Amplitude Effects
When using the traditional method, the applied strain is known to have a significant effect on the results. The most likely explanation is that the range of applied strains used by different laboratories varies from 1-10%. Thus, different amounts of dewetting are taking place. Because of this, results can vary among research institutions. In the DMA approach, lower strains were used, and there was not a detectable strain amplitude effect. This was determined by subjecting samples to 0.10 and 0.25% strain using the DMA apparatus and the DCB fixture. These two shifted curves for the relaxation modulus are shown in Fig. 6 . There was not a significant difference between the master curves obtained at the two applied strains.
C. Strain Amplitude and Repeatability
To verify that an applied strain of 0.25% strain does not cause damage to a specimen, a strain of 0.25% was applied to the same specimen twice while waiting 1 day between tests. Any dewetting of the propellant would cause a shift in the master curve. Figure 7 shows the two shifted curves for the relaxation modulus from the two tests, which revealed little difference. Thus, the applied strain of 0.25% for the DCB mode was within the linear viscoelastic regime.
D. Master Curve Comparison
The use of DMA to generate a master curve for the stress relaxation response of propellant gave overall results very similar to the conventional stress relaxation tests. To show this, the stress relaxation curves generated from the tensile testing are shown in Fig. 8 , and the corresponding master curve is shown in Fig. 9 . The reference temperature was 20°C, and the curves for the other temperatures were shifted horizontally relative to the 20°C curve to get the shift factors a T . The common practice of introducing a small vertical shift in the amount T s ∕T was employed; T s is an arbitrarily selected reference Fig. 5 Negative modulus due to thermal stresses (0.25% applied strain). Fig. 6 Comparison of shifted relaxation modulus curves at two different applied strain levels. Fig. 7 Specimen repeatability at 0.25% strain. Fig. 8 Stress relaxation curves at the various temperatures from the conventional tensile test procedure. Fig. 9 The master curve for the stress relaxation modulus generated from the conventional test procedure.
Article in Advance / MILLER, WOJNAR, AND LOUKE temperature in absolute units, 293 K (20°C) in this work, and T is the absolute temperature for any particular portion of the testing. Figures 10 and 11 show the individual stress relaxation curves for each temperature and the obtained master curve, respectively, using data obtained from the DMA tests. Results similar to the traditional method were expected; some of the test conditions differed slightly (for example, the applied strain and the associated strain rates). Figure 12 shows the master curves from the two methods (see Figs. 9 and 11) overlaid onto a single chart. The results are in good agreement.
V. Uncertainty Considerations A. Uncertainty of Averaged Results at Any Given Temperature
The overall variability of the conventional test method was higher than for the DMA testing. This was due to the use of larger strains (above the dewetting level) and nonuniformities in the end conditions that were present in the tensile test specimens. To compare variability between methods, three specimens were each tested at the two temperature extremes (−30 and 60°C) with both methods. This gave three distinct values of stress relaxation at any given time for each of the two methods. By considering each separate time as a different condition and employing the method of pooled variances, the variance of each method could be estimated [16] . Regardless of the test method, there was significant variability among specimens. Thus, multiple specimens needed to be used. However, the standard deviation for the DMA apparatus was less at both temperatures (being a factor of about 3 smaller than the conventional method at the high temperature).
With either method, the variability at the cold temperatures was much higher than at the high temperature. This is perhaps a result of the behavior of the rubbery component of the propellant, which is partly crystalline and is stiffer at the colder temperatures, which may lead to increased variability in the clamping conditions. However, other explanations related to material behavior may also be possible, which is the subject of ongoing research. At the higher temperature, the variability estimates were substantially lower. In this case, the DMA method gave significantly more precise results. The estimates of variance are given in Table 2 .
B. Crosshead-Based Strains vs Video Extensometry
The reduced variability in the DMA method was present even with a video extensometer being used, rather than a crosshead-based strain calculation, in the conventional approach. The use of crosshead displacement would have given larger errors. There are at least two important causes of strain errors in the uniaxial tension test: small shifts in the pins and connections between the specimen and the load cell and viscous flow near the ends of the specimen. Attempts to eliminate slack in the assembly can minimize strain errors due to the first cause. However, another problem then arises when inserting the specimen. A preload has to be applied to the specimen, which reacts in a viscoelastic manner; the amount of preload affects results. The use of the video extensometer allowed for the elimination of preload from our tests, since the strain was measured directly, and excessive slack was eliminated by the machine at the start of the test.
To show how the use of a video extensometer affects results, data from the conventional stress relaxation tests at all of the temperatures were used. Since crosshead displacement and the overall specimen length data were available, the crosshead-based strains could be calculated for a set of tests and compared with the extensometerdetermined strains. The data are shown in Fig. 13 . The applied strains (as measured by the video extensometer) were very consistent and were about 1%, but the crosshead-based values varied from 1-4%. This is very important, since the relaxation modulus values are the ratio of the stress to the applied strain, and these errors in the strain become corresponding errors in the master curves. Although Fig. 13 demonstrates the different variances of the two methods, a statistical test comparing the variances of the two methods was also used and suggested that the standard deviations for the two methods were significantly different. A two-tailed F-test [17] gave a value of F 58.0; with α 0.05, the critical F value was 3.4. Fig. 10 Stress relaxation curves at the various temperatures from the DMA test procedure. Fig. 11 The master curve for stress relaxation modulus generated from the DMA procedure. Fig. 12 Comparison of the master curve results for the two methods. As a separate test of the video extensometer capabilities, small pieces of propellant were glued to each of the two grips and used as speckle patterns. The two grips were then brought close together and then moved apart at a set rate (127 mm∕min). The virtual gauge had ends located on both grips, and the distance between speckle patterns was measured by the video extensometer. Seven tests were performed to establish repeatability (the lighting conditions and camera f-stop positions were varied in these tests). Using multiple measurements for each time increment, pooled variances were used to estimate the standard deviation of the displacement. The estimated standard deviation of the video extensometer extension was 0.095 mm when used with a separation distance that was always initially approximately 12.7 mm. This gave an upper bound for the error in the video extensometer strain measurements of approximately 0.75%.
VI. Comparison of Approaches
The use of a DMA apparatus to determine stress relaxation master curves for propellants has multiple advantages over the conventional stress relaxation methods. Most importantly, the higher resolutions of both the displacement and load cell transducers allow much smaller deformations to be applied, so that testing takes place under linear viscoelastic conditions. The conventional approach requires significantly larger strains to give reasonable accuracy in both load and strain measurement. At these larger strains, dewetting of the particulate matter from the matrix material causes nonlinear viscoelastic behavior, with all its corresponding complexities. In addition, since the DMA specimens have experienced low strains and are undamaged, a single specimen can be used for all of the test temperatures. Conventional specimens, having been damaged by the application of larger strains, cannot be reused at another temperature, so multiple specimens must be tested at any given temperature.
This leads to a second advantage in terms of cost and time savings: the new procedure takes one to three specimens, each with a mass of approximately 5 g, whereas the usual procedure takes 18-30 specimens each with a mass of about 30 g. This means that aging programs and other similar research efforts can take place with much smaller batch sizes, so that safety constraints will be met much more easily, and propellant development efforts can use smaller mixing facilities and smaller quantities of exotic or expensive ingredients.
An additional advantage seems to be the improved uncertainty in the stress relaxation measurements. This was given in more detail in the previous section and is summarized in Table 2 . The most important way this reduced uncertainty affects the use of propellants is in service life predictions. Motor manufacturers are currently using Monte Carlo simulations of rocket motor service lives to predict remaining service lives of motor fleets in a probabilistic, rather than deterministic, manner. Any improvements in uncertainty in the inputs to the Monte Carlo simulation (such as improved uncertainty in the master curve data) will result in an overall longer safe life for the motors when such a probabilistic approach is used.
VII. Conclusions
A dynamic mechanical analysis (DMA) setup has been used with the dual cantilever beam mode to measure stress relaxation moduli of a composite solid propellant over a range of temperatures. Comparison with the traditional tensile testing method showed that significantly less time, effort, and material were required to obtain results. Because of the higher resolution in displacement and load measurements, the DMA instrument can apply much smaller strains to the specimen (within the linear viscoelastic regime) and still obtain useable results. That is, no dewetting damage occurs in the specimen, and the magnitude of the applied strain has no effect on the results. In addition, there were reductions in the uncertainty in the measurements when using DMA compared to the traditional method, especially at the higher temperatures. Even though the tensile testing approach employed direct strain measurement, it exhibited higher variability than the DMA method.
The most important innovation was the use of the DMA for the tests, which gave load and displacement resolutions of 16-100 times higher than the conventional approach. This allowed for the lower strains that resulted in linear viscoelastic behavior. With linear viscoelastic behavior, specimens could be used for the whole range of temperatures, improving repeatability, giving strain amplitude independence, lowering the standard deviation of the results, and eliminating large quantities of propellants that can cause safety issues. By avoiding a frequency-to-time-transformation procedure, mathematical and experimental complexities (such as testing at a range of frequencies) are avoided.
To ensure quality results, initial testing at two or more strain amplitudes is recommended to ensure that linear viscoelasticity is a reasonable assumption. This is because different propellants may be damaged at different strain levels. In addition, the end conditions need to be addressed; loosening of the end clamps between temperatures may be necessary to relieve small thermal stresses that affect results. This is particularly true if the applied strains are comparable to the thermally induced strains. Finally, the use of multiple specimens to account for material variability is also a necessary requirement.
While it was found that loosening of the clamps between temperatures resulted in a positive-valued modulus, the supposition that thermal stresses are the cause is plausible but unproven. More work could be done to investigate why this is happening and perhaps to improve the method. In addition, other loading modes could be studied, which may also improve the method. For example, a fixture that allows for the relief of thermal strains, such as the three-point bending fixture, could be used.
In addition, the method could be understood better with modeling efforts. When using the dual cantilever beam mode, for example, the stiffness is converted by the instrumentation software to a relaxation modulus value. This conversion is necessarily an approximation, is used for a wide class of materials, and could be replaced with a formula tailored to composite propellants. Also, the sensitivity of the results to clamping conditions could be examined. Finally, the effect of thermal strains could perhaps be better understood with finite element analysis. Article in Advance / MILLER, WOJNAR, AND LOUKE
